New possibilities for treating posttraumatic stress disorder and anxiety disorders involving abnormal memories are emerging from analysis of persistent protein kinase activation and mechanisms of synapsespecific modification, known as synaptic tagging.
Memories are central to our identities as individual human beings and as societies. Even in species with more primitive nervous systems, memories enable adaptive modification of behavior based on experience, which is critical for their success. When multiple defensive behaviors are enhanced following learning with aversive cues or threats, frequently a general fearful state develops. In some instances, cues not directly linked with a threatening event may develop associations with the fearful memory or state of fear. When fear comes to be triggered inappropriately in the absence of a threat, the consequence is an anxiety disorder or posttraumatic stress disorder (PTSD). Indeed, PTSD is related to fear conditioning in animal models, in which a cue or context is associated with an aversive stimulus, such as a shock. Advances in our understanding of the molecular basis of memory should yield greatly improved strategies for treating memory disorders, including dementia and learning disorders, and those psychiatric disorders involving a maladaptive memory process, most notably PTSD [1, 2] . A number of these advances have been made in the marine gastropod Aplysia, which is an important model system for studying cellular and molecular mechanisms of learning. Aplysia exhibits multiple forms of both non-associative and associative learning, including fear conditioning. An exciting advance described in a recent issue of Current Biology by Hu et al. [3] was made through experiments on Aplysia neurons, and represents the intersection of two important lines of investigation: firstly, persistently active protein kinases and, secondly, synaptic tagging and capture. Both mechanisms contribute to synaptic modifications that form the foundation for memories.
By 1980, it was known that short-term changes in the strength of synaptic connections involve posttranslational modification of proteins mediated by intracellular signaling cascades and protein phosphorylation. Jimmy Schwartz proposed that during the formation of stable synaptic changes that outlast brief initiating intracellular signals, distinct forms of protein kinases are generated that exhibit persistent activity with little or no requirement for the activating signal [4, 5] . One such example extensively studied by Todd Sacktor is a truncated, autoactive form of protein kinase C (PKC), known as PKM, which lacks its regulatory domain. PKM zeta (PKMz), derived from an atypical PKC, has been implicated both in maintenance of a long-lasting increase in synaptic strength in hippocampus, known as long-term potentiation, and in maintenance of stable memories in more than a dozen learning paradigms [6] . Experiments suggesting a role for PKMz often relied on an inhibitory peptide ZIP, the specificity of which has been recently challenged [7, 8] . However, subsequent knockdown studies indicated that PKMz does contribute to both long-term memory and long-term potentiation [9, 10] .
The current findings in Aplysia also extend elegant studies on 'synaptic tagging and capture' begun two decades ago by Julie Frey and Richard Morris in hippocampus and Kelsey Martin, Eric Kandel and colleagues in Aplysia [11, 12] . Long-term memories lasting days, months, or even longer, involve stable changes in the efficacy of transmission at specific synaptic connections between pairs of neurons. These synaptic changes depend on alterations in pre-and/or postsynaptic gene expression. A fundamental challenge is how alterations in gene expression, which occur in the nucleus, can result in the selective modification of only a subset of a neuron's synaptic connections. The synaptic tagging and capture concept provides a mechanism for synaptic specificity during memory formation. According to this concept, when individual synapses are activated or receive modulatory input during learning, a local 'tag' is generated. Such tags are formed even with relatively modest input. However, when the input is sufficient for initiating long-term memories, signals sent to the nucleus trigger changes in transcription, resulting in the synthesis of memory-or plasticityrelated proteins. These memory-related proteins, which are available cell wide, are then specifically 'captured' and utilized at the tagged synapses, resulting in synapse-specific modification. It is important to note that although several protein kinases have been implicated in the tagging mechanism, the identities of neither the tag nor of the memory-related proteins are known; both processes likely involve multiple synaptic proteins.
Synaptic capture occurs when some synapses in a neuron receive modest inputs that would result in only transient synaptic strengthening, but that also create local tags, at the same time that long-term synaptic modification is being initiated at other sites. These tagged synapses receiving modest input can therefore capture the memory-related proteins present throughout the cell, and exhibit stable, long-term modification. One might predict that this synaptic tagging and capture mechanism would enable non-specific associations to form behaviorally, through the stabilization of weak memories. Indeed, a series of studies have now provided evidence for behavioral and emotional tagging in animals and humans [13] [14] [15] [16, 17] . These investigators recently discovered specific roles for the corresponding PKM isoforms in maintaining either long-term non-associative facilitation, produced by serotonin alone, or long-term associative facilitation, produced by pairing sensory neuron activity with serotonin. In the postsynaptic motor neuron, the classical PKM (Apl I) was necessary for long-term maintenance of non-associative facilitation, whereas the atypical PKM (Apl III) was important for maintenance of associative long-term facilitation [18] . These findings led Hu et al. to ask which PKM isoforms are required for maintenance of long-term facilitation when both associative and nonassociative facilitation occur in the same neuron.
Aplysia neurons in dissociated cell co-culture provide a highly tractable system for studying synaptic capture, as these neurons form synapses that exhibit long-term synaptic facilitation lasting more than one week. The novel co-culture system in these experiments included two presynaptic sensory neurons that synapse onto a single postsynaptic motor neuron (Figure 1 ). Whereas earlier, synaptic capture in Aplysia occurred presynaptically as cultures included a single sensory neuron synapsing with two postsynaptic motor neurons [12] , in the current study, synaptic capture was within postsynaptic neurons, much as in the hippocampal experiments, with two synaptic inputs to common postsynaptic neurons. To produce stable long-term, synaptic facilitation, Hu, Schacher and their colleagues used an associative training protocol, pairing a two second burst of activity in one sensory neuron with five minutes of serotonin exposure, with only a single pairing on each of two days. Such single exposures to serotonin, in the absence of paired activity, result in short-term facilitation lasting minutes, but are ineffective in producing long-term facilitation. Synapses from a second sensory neuron to the same postsynaptic motor neuron received the five minute serotonin exposure, without paired activity. Thus, this second population of synapses was treated with an abbreviated non-associative training protocol, which should not have produced long-term facilitation. The synapses from these inactive sensory neurons captured the stable long-term synaptic facilitation initiated at the associatively trained synapses. Remarkably, the long-term synaptic facilitation at these capturing synapses was as robust and stable as at the initiating synapses treated with the associative protocol [3] .
Given that the memory-related proteins are present throughout the neurons and the synaptic strengthening is often indistinguishable, it has been believed that the molecular mechanisms of synaptic strengthening at the initiating synapses and the capturing synapses are identical. These investigators tested the importance of specific PKMs in facilitation lasting at least six days by expressing dominant negative mutants. Surprisingly, maintenance of synaptic facilitation at synapses treated with the associative protocol depended on the atypical PKM Apl III, whereas maintenance of facilitation at the capturing synapses treated with the abbreviated non-associative protocol depended on the classical PKM Apl I. This is striking because even though the stable facilitation of the non-associatively trained synapses depended on hijacking memory-related proteins generated by associatively trained synapses, this facilitation was unaffected when the initiating associative facilitation was reversed [3] . Another interesting difference is that the atypical PKM at the associatively trained synapses is stabilized by the scaffolding or adaptor protein KIBRA, whereas the PKM at the capturing, non-associatively trained synapses is not (Figure 1) .
The synaptic facilitation at synapses treated with the abbreviated, nonassociative protocol could underlie stable 'coincidental' memories, only loosely related to salient, high impact events that are appropriately encoded into memory. These less specific memories may play a role in PTSD. The insight that maintenance of synaptic modifications at the capturing synapses has a molecular basis involving distinct PKM isoforms suggests new, more specific strategies for therapy for PTSD and some anxiety disorders. Because atypical PKM at the associatively trained synapses is stabilized through an interaction with KIBRA, enhancing this interaction may stabilize the specific, appropriate memories during therapies to reverse pathological memories.
It originally appeared that there were important differences between Aplysia and mammals in synaptic capture and long-term synaptic strengthening. These differences are waning as we come to understand these mechanisms more fully. For example, whereas the facilitation during synaptic capture in Aplysia involves the neuromodulator serotonin, a number of studies have now demonstrated a requirement for a neuromodulator, such as dopamine, in hippocampal synaptic capture [14, 19] . Although the precise PKM isoforms involved in synaptic maintenance may vary across these phylogenetic groups, the insight that distinct PKM forms may support memory at the capturing sites Figure 1 . Distinct PKM isoforms mediate long-term facilitation at synapses initiating or capturing long-term synaptic modification.
Culture system includes two Aplysia sensory neurons synapsing with common Aplysia motor neuron. Sensory neuron 1 was stimulated to fire a two second burst of action potentials during a five minute exposure to serotonin; when this associative protocol was repeated on two consecutive days, it induced long-term synaptic facilitation lasting at least six days. Sensory neuron 2 received the same serotonin exposure without paired activity; this non-associative protocol is abbreviated compared with a series of serotonin exposures that is required to induce long-term facilitation. Because both sets of synapses were onto the same postsynaptic motor neuron, synapses from sensory neuron 2 underwent long-term facilitation that was comparable to that occurring at synapses from sensory neuron 1, presumably because they were tagged and captured memory-or plasticity-related proteins, available cell wide. The atypical PKM Apl III is shown as mediating the maintained facilitation at the synapses treated with the associative protocol; PKM Apl III is generated by cleavage of PKC Apl III by classical (c) calpain protease. In contrast, the classical PKM Apl I is shown as mediating the maintained facilitation at the synapses treated with the abbreviated nonassociative protocol; PKM Apl I is generated by cleavage of PKC Apl I by small optic lobe (s) calpain. The scaffolding protein KIBRA selectively stabilizes PKM Apl III. Flags represent the putative tags established by the associative and non-associative treatments that mediate capture of memory-related proteins; the tags generated by each protocol may be distinct, consistent with the different resulting mechanisms for stable long-term synaptic facilitation. The purple arrow indicates the signal to the nucleus from the initiating synapses that were treated with the associative protocol, which activates gene transcription and downstream synthesis of memory-related proteins. Additional PKMs in the presynaptic sensory neurons (not shown) play a necessary role in maintenance of long-term facilitation; the novel PKM Apl II has also been implicated [14] .
provides the possibility for novel therapeutic strategies that could specifically reverse inappropriate, pathological memories.
